The structure-specific fragmentation of gas-phase ions in tandem mass spectrometry among other techniques provides an efficient analytical method for confirming unknown analytes or for elucidating chemical structures. Using concentration-dependent UV-absorbing matrix-functionalized magnetic nanoparticles and matrix-assisted laser desorption-ionization mass spectrometry (MALDI MS), we developed a single-step pseudo-MS/MS approach for tunable ionization and fragmentation to facilitate structure determination. Without chemical derivatization, we have demonstrated that this approach successfully distinguished isomeric sets of di-, tri-and tetrasaccharides. Low concentration of nanomatrix provided an enhanced signal for accurate mass determination of the intact molecular ions of analytes present in the sample. In contrast, high concentration of nanomatrix induced extensive and unique fragmentation, including high-energy facile bond breakage (A-and X-type cross-ring cleavages), which facilitated the linkage and sequence characterization of oligosaccharides without conventional tandem mass spectrometric instrumentation. The practicality of this approach for complex sample analysis was evaluated by an oligosaccharide mixture, wherein molecular ions are unambiguously observed and signature product ions are distinguishable enough for molecular identification and isomer differentiation by this simple tunable approach. By probing the roles of the multilayer nanomatrix components: matrix (energy absorption), silane-coating (energy pooling and dissipation) and core Fe 3 O 4 (fragmentation), a plausible energy transfer mechanism was proposed based on a computational study and photoelectron experiments. The differentiation of tri-and tetra-oligosaccharide shown in this study not only demonstrated the first step toward glycan characterization by nanoparticle-assisted MALDI-MS, but also shed some insight on the nanoparticle-mediated energy transfer dynamics behind our approach.
Introduction
Innovations in medicine and material science have inspired parallel developments in the synthesis of new chemicals and of various analytical methodologies. For example, the analysis of carbohydrates has gained considerable attention because of their close relationship with disease occurrence or progression, and because of their therapeutic potential.
1,2 The functionality of carbohydrates depends on their high degree of isomeric diversity, which results from subtle changes in their unit assembly. Due to their intrinsic structural complexity, such as isomerism, linkage type, branching positions and branching types, the analysis of carbohydrates remains a formidable challenge. 3 The rapid and unambiguous analysis of composition, sequence, linkage, branching and anomeric conguration and discrimination of isomeric saccharides are crucial for determining changes in carbohydrate architecture relative to their biological implications in diseased states.
Tandem mass spectrometry (MS/MS) is a valuable tool for determining empirical chemical formula and for characterizing molecular structures. Among the various biophysical methods, fragmentation by MS/MS or highly accurate mass by ultra-high resolution FTICR technique 4 is the most efficient analytical platform for identifying unknown molecules or complex mixtures. 5, 6 Signicant progress in sequencing to determine the structural differences between carbohydrates have been reported by various tandem MS/MS methods, including low-energy electron capture dissociation (ECD) 10 and sustained off-resonance irradiation (SORI) on Fourier-transform ion cyclotron resonance (FTICR) MS, 11 and electron-transfer dissociation (ETD) on iontrap MS. 12 However, due to the low ionization of glycans, chemical derivatization (e.g., permethylation or peracetylation) is generally required prior to characterization using MS/MS. 13 Nevertheless, in most cases, the derivatization requires large amount of oligosaccharide ($0.100 mg), which has limited its application for clinical application. In addition, derivatization may enhance the risk of introducing contaminants and sidereactions. The development of rapid, sensitive and comprehensive glycan sequencing methods that do not require chemical derivatization remains a considerable challenge. However, the development of such methods is imperative for establishing detailed structure-function relationships.
Nanomaterials have been reported to possess size-dependent properties, large surface area-to-volume ratios, high molar absorption coefficients and quantum properties that enhance efficient energy absorption and transfer to analytes.
14 The interactions of lasers with different energy-absorbing nanoparticles, such as carbon nanotubes and Au metal nanospheres and nanoshells, have been explored in photodynamic therapy [15] [16] [17] and laser medicine. 18, 19 In addition, these nanomaterial properties have been applied to nanostructure-assisted laser desorption-ionization mass spectrometry. 20 It has been demonstrated that metallic nanoparticles can serve as matrix-assisted laser desorption-ionization mass spectrometry (MALDI MS) ionization matrices. [21] [22] [23] [24] [25] [26] [27] Particularly, superparamagnetic iron oxide nanoparticles have distinct optical and electronic characteristics that inuence their single and collective excitation responses to electromagnetic radiation. 28, 29 Recently, a glutathione-capped iron oxide nanoparticle has been reported to generate signicant product ions for glycan sequence identication by MALDI MS in-source decay (ISD).
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In this current work, we explored the unique energy absorptiontransfer dynamics in multilayer (2,5-dihydroxybenzoic acid)-functionalized magnetic nanoparticles (DHB@MNP). The unique roles of each DHB@MNP layer in energy absorption and transfer synergistically provide a simple one-step, concentrationmediated, tunable ionization and fragmentation method for structural characterization of individual oligosaccharide as well as mixtures. At low concentrations, UV laser-excited DHB@MNP provides enhanced so ionization for accurate mass measurements of intact molecular ions, whereas excess energy absorption and dissipation from high DHB@MNP concentrations causes harsh ionization, i.e., the generation of an extensive but controlled degree of molecular fragmentation (Fig. 1) . In addition to characterization of single analyte, notably, the DHB@MNP concentration-mediated process generated unique fragmentation ngerprints to successfully distinguish a series of isomeric trisaccharide and tetrasaccharide analytes as well as their mixtures. Moreover, the results of computational and photoelectron studies allowed us to propose a feasible mechanism underlying the nanoparticle-mediated energy-transfer dynamics from the multilayer components in the matrix@MNP. To the best of our knowledge, this work represents the rst demonstration that nanomaterials facilitate successful molecular structure characterization for known oligosaccharide mixture analysis using a single MALDI-MS technique without conventional tandem (TOF/TOF) instrumentation, and has potential advantage as a complementary technique for elucidation of unknown compounds.
Experimental

Materials
Tetraethyl orthosilicate (TEOS, Sigma-Aldrich, Saint Louis, US), 2,5-dihydroxybenzoic acid (2,5-DHB, Waters) and 25% ammonia solution (Acros, Geel, Belgium) were used as received. O + 0.85 mL 12 M HCl), then it was added dropwise to an aqueous solution of 1.5 M NaOH (250 mL) to obtain a black precipitate. Aer washing with ddH 2 O twice, 0.01 M HCl (300 mL) was added, and the core MNP was redispersed (ddH 2 O). For the silanation process, the core MNP was treated with aqueous NH 3 (25% w/w, 0.408 mL), ddH 2 O (0.3 mL) and TEOS (0.1 mL). The solution was stirred at 55 C for 2 h until it yielded a black precipitate, SiO 2 @MNP. To synthesize the DHB@MNP, DHB (70 mg, 3 mL ddH 2 O) was added to the SiO 2 @MNP, followed by addition of 0.01 M HCl (1.5 mL) at room temperature for 12 h. Aer centrifugation (8000 rpm, 15 min) and washing (ddH 2 O), the DHB@MNP were dried and stored at 4 C for characterization and future use.
Transmission electron microscopy (TEM) images (see ESI 7, Fig. S4 †) of the MNPs were obtained by a Philips Tecnai F20 G2 FEI-TEM electron microscope (FEI Co., Hillsboro, OR, USA) with 0.14 nm lattice resolution, 200 kV accelerating voltage, and Â50 to 1.5 Â 10 6 magnication. The sequential surface modication of the MNPs was unambiguously conrmed by FT-IR spectra (PerkinElmer, Waltham, MA, USA). The crystal structure of the nanoparticles was determined by XRD analysis using a multifunction high-power XRD Bruker R8 Discover SSS (Bruker AXS LTD, Coventry, UK).
Sample deposition
The DHB@MNP (2 mg) nanoparticles were suspended in 0.1 mL of ddH 2 O to afford a 20 000 mg mL À1 stock solution and further diluted to obtain 100, 200, 300, 400, 500, 1000, 5000 and 10 000 mg mL À1 solutions for subsequent MALDI-TOF MS analysis. The oligosaccharides (0.5 mg) were dissolved in 0.5 mL of ddH 2 O to afford 1 mg mL À1 solutions. Aer mixing 0.5 mL (100 fmol) of the oligosaccharide solutions with 0.5 mL of the DHB@MNP solutions, the resulting mixture was spotted onto a stainless steel sample plate, completely air dried and analyzed using MALDI-TOF MS. The Fe 3 O 4 MNP, SiO 2 @MNP and commercial 2,5-DHB solutions were prepared and used as matrices by following the above procedures.
Mass spectrometry analysis
MS analyses were performed using MALDI-TOF MS (4800, Applied Biosystems, Foster City, CA) equipped with an Nd-YAG laser (355 nm) operating at a repetition rate of 200 Hz. The spectra were recorded in reectron mode using an accelerating voltage of 20 kV and a grid voltage of 16 kV in the MS/MS mode using CID gas (air). For accurate mass measurements, the instrument was calibrated with known standards (2,5-DHB and Angiotensin 1 for MS and MS/MS, respectively) to obtain an accuracy of 20 ppm. The MS/MS measurements were conducted using a collision energy of 1 kV and a CID gas pressure of 3.7 Â 10 À6 torr. A typical mass spectrum was obtained by averaging 500 laser shots, and the data were processed and analyzed with the Data Explorer soware (Applied Biosystems, Foster City, CA). For the assignment of each product ion peak of all the oligosaccharides, we employed three criteria: (a) mass accuracy, #10 ppm, (b) signal-to-noise ratio, S/N $ 10, and (c) resolution, R $ 2000 to resolve the isotopic pattern.
Computational detail
The conformational space of 2 0 -fucosyl-D-lactose with a sodium cation was explored using Replica Exchange Molecular Dynamics (REMD) method implemented in AMBER 9. 32 Three different Na + binding modes to the trisaccharide were used as starting structures for the conformational search; (1) Na + binding to fucose and glucose, (2) Na + binding to fucose and galactose, and (3) Na + binding to galactose and glucose. A set of temperatures was generated using a temperature predictor for parallel tempering simulations 33 (300.0, 368.1, 448.5 and 543.5 K) to give an exchange probability of 0.3. Prior to REMD, four replicas of the trisaccharide were each equilibrated to its target temperature for 2 ns with a time step of 0.002 ps using Langevin dynamics with g ¼ 5 ps
À1
. All bonds involving hydrogen atom were constrained using the SHAKE algorithm. Non-bonded interactions were calculated using a cutoff distance of 12Å. The Glycam06 parameters were used with 1-4 scaling of the electrostatic and van der Waals interactions designated to 1.
34 For the actual REMD simulations, 20 ns was used and structures were sampled at every 2 ps. Swaps between replicas of neighboring target temperature were attempted every 1 ps. All sampled trajectories at 300 K were extracted from the REMD simulations and were minimized using MM method. Structures within 6 kcal mol À1 of the global minimum of a given trajectory were then fully optimized using the DFT method. All geometries were fully optimized without any constraints, and energetics of the stationary points on the potential energy surface were calculated at the M06-2X/6-31+G(d) level. Frequency calculations were performed on all structures to conrm that the reactants, intermediates, and products had no imaginary frequencies and that transition states possessed only one imaginary frequency. Relative energies were corrected for vibrational zero-point energies (ZPE, not scaled). All of the DFT calculations were performed with the GAUSSIAN 09 package of programs.
35
Results and discussion
Nanomatrix concentration dependence of ion/fragment generation
To demonstrate the simultaneous preservation of intact molecular ions and generation of fragment ions in the nanoparticle-assisted MALDI process, the Lewis trisaccharide 2 0 - fucosyl-D-lactose (2FDL), which consists of three monosaccharide units (fucose, galactose and glucose), was selected as a model compound. At a low DHB@MNP concentration (300 mg mL À1 ), the 2FDL sodium-and potassium-adducted molecular
were predominantly present with relatively clean background (Fig. 2a) . Product ions which gave full structural information on 2FDL were observed and described below. For detailed product ion assignment, the Domon and Costello nomenclature 36 was used (ESI 1 †).
When the DHB@MNP concentration was increased (from 300 to 1000 mg mL À1 ), extensive fragmentation was observed in the three product ions: Survival yield ð%Þ
The fragmentation degree was assessed by dividing the intensity of each fragment ion with the sum of the intensities of all oligosaccharide-derived ions. Both were plotted as a function of analyte-to-DHB@MNP ratio ( Fig. 3a and b, respectively). We observed that both precursor ion dissociation and fragment ion generation is proportionally dependent on DHB@MNP concentration. As shown in Fig. 3a , the 2FDL parent ion begins to sharply decline starting at 90% between 100-1000 mg mL À1 (1-10 analyte-to-DHB@MNP ratio) nanomatrix and gradually levels at 65% between 3000-10 000 mg mL À1 (30-100 analyte-to-DHB@MNP ratio). As the DHB@MNP concentration was increased (100, 300, 500, 1000, 3000, 5000 and 10 000 mg mL À1 ), the fragmentation degree for the various product ions increases as shown by gradually enhanced fragment-to-precursor ion ratio trend for the various fragments (Fig. 3b) . When the DHB@MNP concentration was further increased to 10 000 mg mL À1 , additional 2,4 A 3 (m/z 391.1), B 2 (m/z 331.1) and B 1 (m/z 169.0) fragments were generated. This semi-quantitative correlation demonstrates that "so" ionization (preservation of the intact molecular ion) and "harsh" ionization (generation of product ions) could be simultaneously achieved in simple MS mode by varying the concentration of the DHB@MNP nanomatrix.
To better understand this phenomenon, we compared the mass spectra of the 2FDL product ions generated using the onestep DHB@MNP-assisted MALDI MS method with those generated using conventional tandem MS/MS methods, including the MALDI-PSD, MALDI-CID, ESI Ion-Trap and ESI Q-TOF (ESI 3, Table S1 †). In all of these different fragmentation methods, fragments resulting from glycosidic bond cleavage due to fucose (Y 2 ) and glucose (B 2 ) loss, cross-ring cleavage of the glucose moiety Table S1 † and Fig. 2b ). In addition, a less common fragmentation pathway (Fig. 2b ) from further Y 2 glycosidic bond cleavage producing galactose (Y 2 /B 2 ) and fucose (B 1 ) fragments was uniquely observed at high DHB@MNP concentration (>10 000 mg mL À1 ) (Fig. 2c) and was absent in the other conventional MS/MS methods.
Theoretical basis of fragmentation energetics
The 2,4 A 3 fragment was only observed when using DHB@MNP and not when using conventional MS/MS approaches. In addition, products from the cleavage of the glycosidic bond (B 1 , Y 2 ) were produced in great abundance relative to the B 2 and Y 1 products (Fig. 3b) . This result implies that the two dissociation pathways may require different activation energies. To determine the energetics of the aforementioned fragmentation pathways, we conducted theoretical calculations. The optimized lowest-energy conformer found for 2FDL in the cyclic hemiacetal form (c-2FDL [Na + ]) at the M06-2X/6-31+G(d) level is shown in Fig. S2a . † Here, the sodium ion is held by four oxygen atoms within a distance of 2.4Å. Furthermore, the cross-ring cleavage of oligosaccharides are reported to require the non-cyclic aldehyde form (Fig. S2b †) at the reducingend of the sugar rather than the cyclic hemiacetal form.
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Therefore, we also calculated the 2FDL non-cyclic form nc-2FDL [Na + ] (Fig. S2b †) .
The calculated transition state energies of the fucose/galactose glycosidic bond cleavages and cross-ring cleavages were plotted against the cyclic hemiacetal form c-2FDL [Na + ] (Fig. 4) . (Fig. 4) . Overall, the theoretical results indicated that the generation of the B 2 , Y 1 , and particularly the 2,4 A 3 fragments requires a higher energy barrier than that required for the generation of the Y 2 , B 1 and 0,2 A 3 fragments.
This nding supports the hypothesis that DHB@MNP-induced dissociation could provide sufficient energy for inducing extensive fragmentation of 2FDL in the gas phase.
Role of multilayer nanomatrix in energy transfer
In an attempt to gain insights into the mechanism behind the energy supply and transfer process by the nanomatrix (DHB@MNP), we examined the multilayer components of magnetic nanoparticles (DHB@MNP, SiO 2 @MNP, core MNP) for their ability to simultaneously ionize and induce fragmentation of 2FDL at 300 and 10 000 mg mL À1 nanoparticle concentrations, respectively. The use of naked core MNP at 300 ppm, i.e., without either silane or DHB coating, promoted signicant dissociation of the precursor (Fig. S3a †) . Interestingly, the cross-ring products, including 0,2 A 3 and particularly the unique product 2,4 A 3 produced with much higher energy barrier, were more abundant than the energetically favorable Y 2 fragment. However, the core MNP also introduced background ions in the mass spectrum. The additional silane coating on MNP (SiO 2 @MNP, With further conjugation of ionization agent, DHB matrix, on SiO 2 @MNP (abbreviated as DHB@MNP), the precursor ion intensity was restored (Fig. S3c †) . As expected, increasing the DHB@MNP concentration (10 000 mg mL (Fig. S3d †) . Based on the comparison of fragment intensities observed by core MNP, SiO 2 layer and DHB coating, it is clear that core MNP produced signicantly more fragments, especially those with high energy barrier, which further suggested that core MNP plays major role for energy absorption and transfer, resulting in thermal energy increase and dissipation into the analyte, inducing spontaneous dissociation. Overall, the different nanoparticle components (DHB, silane-coating and core MNP) contribute synergistically to the absorption, generation and transfer of energy to the analyte. As shown by our observation above, the silane shell prevents the fragmentation of MNP and functions as a "thermal sink". 38 On the other hand, the presence of matrix (DHB) molecules augments the ability of the nanoparticles to mediate the energy transfer process and the spontaneous dissociation at high concentration. These properties afford simultaneous ionization and product ion generation, which is not feasible with the free matrix alone (Fig. S1a-f †) .
Photoelectron-assisted fragmentation by UV-activated DHB@MNP
In light of the empirical and theoretical results presented so far, we hypothesize that besides the generation of high thermal power by the nanomatrix to improve ionization and to induce fragmentation, the excited photoelectrons may play a key role in the fragmentation of the analyte ion. 39, 40 To verify our hypothesis, we investigated the source of photoelectrons, including the potential emission of photoelectrons from either the DHB@MNP or MALDI sample wells (stainless steel), and their correlation with the observed MNP-induced fragmentation process. We rst evaluated the effect of photoelectrons from the DHB@MNP to induce the fragmentation process. To exclude additional sources of photoelectrons, we insulated the MALDI sample wells with electric tape (0.18 mm thickness) before spotting the sample and DHB@MNP, and then compared the results to the uninsulated metal target (Fig. 5a ).
As shown in Fig. 5b , the total ion count of both precursor and fragment ions were reduced by three-and ve-order, respectively, aer insulation. The results suggested that the photoelectrons from the MALDI plate and DHB@MNP synergistically contributed to the ionization and fragmentation of 2FDL analyte. In insulated condition, as shown in Fig. 6c , the core MNP generated dramatically more and intense fragments than SiO 2 @MNP (>1000-fold) or DHB@MNP (6-fold). It is noteworthy that the unique 2,4 A 3 fragment ion was only produced by core MNP and greatly diminished by either SiO 2 @MNP or DHB@MNP (Fig. 5c) . Thus, the results revealed that among the multi-layer components of the DHB@MNP, the photoelectrons from core MNP play the major role to induce dissociation, and the metal substrate contributes to this electron pool in the MALDI process. 41 In the solid state, the surface of iron oxide undergoes intervalence charge transfer (IVCT) 42 and rapid electron delocalization (electron hopping) 43, 44 leading to orbital vacancies and migrating electron-hole pairs known as excitons, 44 which may also help account for the observed photoelectron-induced dissociation in this study.
Based on the observed >1000-fold reduction of fragment ions by SiO 2 @MNP (Fig. S3b † and 5c ), we surmise that the silane network might have "shielded" the MNP-derived photoelectrons from escaping towards the surface of the nanoparticle. To test our hypothesis, the silane thickness was varied by changing the MNP : TEOS ratio (1 : 1, 1 : 2, 1 : 3.5 and 1 : 6) of DHB@MNP (Fig. S4 †) and its effect was examined upon the model molecule on insulated MALDI substrate. As expected, the "thinner" coating (<0.2 nm thickness, Fig. S4a-c †) generated a higher number of fragments and higher peak intensities (Fig. 5d) . On the other hand, the thickest silane coating (1 : 6, MNP : TEOS, z5 nm thickness, Fig. S4d †) generated the lowest peak intensity of precursor ions and least degree of fragmentation; product ions have >400-fold decrease on summed peak intensity (Fig. 5d) , suggesting a "shielding" effect by the silane coating. Moreover, the observed trend also suggests that the silane shell may serve as a thickness-dependent "silane shield" from molecular fragmentation due to the presence of photoelectrons induced by MNP.
Mechanism of energy transfer in nanomatrix-assisted ionization and fragmentation in MALDI MS
Based on the characteristic multifunctional role of DHB@MNP and the theoretical results on the analyte dissociation energetics, we propose a model for the energy absorption and transfer mechanisms to account for the ionization and dissociation in nanomatrix-assisted MALDI MS. The rst step begins with the formation of a complex between the carboxylate group on the DHB@MNP and Na + in the condensed phase (step a, Fig. 6a ). The sodium-adducted ion has been reported to be the major channel for the formation of the carbohydrate precursor ion, 45 and our study also conrmed that the removal of Na + by 15-crown-5 ether before MALDI deposition reduced the majority of the precursor ion (ESI 8 †). Aer mixing and drying the sample (oligosaccharide) and nanomatrix on the plate, the sodium-adducted oligosaccharide is potentially trapped through coordination with either the salicylate on the silane shell or the carboxylate ligand on DHB within the crystallized nanoparticles. Upon laser irradiation (step b, Fig. 6b ), the nanomatrix absorbs, converts and pools the energy, causing the entire nanoparticle to "heat up". The "sandwiched" oligosaccharide molecule absorbs this heat and subsequently desorbs to the gaseous plume (step c, Fig. 6c) . Furthermore, the mobile photoelectrons produced from the MNP core, which provides the Fe 3+ -O-Fe 2+ redox couple (Fig. 6c) , are activated and desorbed. In the multiphoton ionization model, a matrix molecule transforms into a radical cation via the absorption of $2 laser photons and subsequently emits electrons. 46 In our case, we observed that the photoelectrons emitted from the MNP and MALDI plate played a major role in inducing unique analyte fragmentation (Fig. 5) . In addition, the absorption of the laser radiation by the iron oxide surface has been reported to cause excitation and the spontaneous emission of electrons, i.e., photoexcitation and photoemission. 47 As these "hot" photoelectrons collide with the oligosaccharide, the precursor ions spontaneously dissociate into their fragment ions (Fig. 6d) in a charge-remote process, 45 resulting in the formation of alkali metal-adducted product ions and intact precursor ions in the gas phase.
The amount of ions generated during the ionization process is proportional to the amount of energy absorbed and transferred to the analyte. 48 Hence, depending on the amount of energy absorbed, the molecule may either form a stable molecular ion or undergo spontaneous dissociation. At high DHB@MNP concentrations, considerably more photoelectrons and DHB molecules are present. Thus, increasing the nanomatrix concentration provides a parallel increase in the density of highly energized electrons in the plume, which may in turn supply the extra internal energy required to cause spontaneous dissociation of the oligosaccharide molecules upon collision.
Differentiating isomeric oligosaccharide mixtures by DHB@MNP-induced ngerprint patterns
Finally, we evaluated the practicability of our approach for complex sample analysis at two levels. Firstly, we carefully examined the common and ngerprint fragments for the differentiation of three sets of isomeric trisaccharides and tetrasaccharides. Secondly, to extend the application of this approach for mixture analysis, accurate mass determination and DHB@MNP-induced ngerprint pattern were employed to identify the individual components in an oligosaccharide mixture containing both an isomer pair and two non-isomeric compounds with different molecular masses.
As shown in our results, several glycosidic and cross-ring dissociation fragments that were characteristic of each isomeric structure were observed (Table S2 † may fail to differentiate the isomeric Lewis-type oligosaccharides. As shown in Fig. 7a and b, the nanomatrix generated extensive structurally unique cross-ring fragmentation, i.e., A-and X-type fragments, for both isomers. (Table S2 †) , each of these oligosaccharides was distinguished from their counterparts in the neat mixture, which were mostly cross-ring fragments. Interestingly, we observed that A-type fragments only occurred as a signature pattern to determine Gal1-4 GlcNAc linkage, which may be due to the dissociation-susceptible Fuc1-4GlcNAc linkage. 51 Glycosidic bond cleavages are chargeinduced, but cross-ring cleavages are charge-remote processes, i.e., energy dependent. 52 In MALDI PSD, glycosidic bond cleavages (Y and B) are slow reactions (kinetically driven), whereas cross-ring cleavages are rapid reactions (thermally driven).
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Although such fragmentation reactions could also be observed using other ionization methods, the combination of both glycosidic and cross-ring cleavages could only be observed using the nanomatrix approach. Thus, we concluded that the energy activation barrier could be overcome easily by the synergistic energy transfer mechanism that was unique to the multifunctional nanomatrix.
We further evaluated the broader applicability of our approach for a trisaccharide mixture based on the facile generation of isomer-characteristic fragment ions by the nanomatrix-mediated MALDI MS. In this case, we chose the isomeric trisaccharide pair Lewis A and X as our model. As shown in Fig. 7c , when both Lewis A and Lewis X are present in the mixture, the Lewis A fragment ngerprint pattern, including the three characteristic Z series fragments, Z 1 , Z 1 / 0,4 X 1 and Y 1a / Z 1 . (Fig. 7c, Furthermore, we evaluated a more complex case for mixture of four oligosaccharides including lactose, 3-fucosyl-D-lactose (3-FDL), and two isomers, Lewis A and Lewis X. In synthetic chemistry, characterization of a particular compound includes measurement of its accurate molecular mass #5 ppm, which is sufficient to conrm the molecular formula. At low concentration (100 mg mL À1 ) of the nanomatrix, three types of saccharides are denitely present by the sodium-and potassium-adducted precursor ion shown in Fig. 8a . By accurate mass measurement within 5 ppm accuracy, we are able to match the potential presence of lactose (theoretical mass: 365.1060, 3.3 ppm) and 3-FDL (theoretical mass: 511.1638, 1.8 ppm), respectively. Similarly, the peak present at m/z 552.1921 suggests the potential presence of either sodium adducted Lewis A or Lewis X (theoretical mass 552.1904) or their mixture. However, at low nanomatrix concentration, the isobaric mass could not provide sufficient information to distinguish the isomeric saccharides, Lewis A and X, from each other. This information can be found at high nanomatrix concentration (10 000 mg mL À1 , as shown in Fig. 8b Table  S3 †) . Although, some isobaric peaks (e.g. m/z 203, 305) are also present in the spectrum (Fig. 8b) , this only indicates some similarity in chemical composition of lactose, 3-FDL, Lewis A and Lewis X. Taken together, the results for the unambiguous identication of the isomeric Lewis A/Lewis X, as well as the four oligosaccharide mixture, demonstrated the feasibility of analyzing complex samples by the one-step tunable fragment ngerprinting in MALDI MS without conventional sample prederivatization step (e.g., permethylation and peracetylation) 46 or tandem mass spectrometry.
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Conclusion
In the current work, we have presented a simple one-step ionization and fragmentation platform for structural characterization and ngerprint-based analysis of a series of isomeric oligosaccharides and mixtures. A low concentration of UV laserexcited DHB@MNP provided an enhanced signal for accurate molecular weight determination. By tuning high DHB@MNP concentrations, extensive analyte dissociation occurs, including glycosidic bond breakage and cross-ring cleavage to determine unambiguously the glycan sequence and linkage. Moreover, by the use of theoretical calculations and photoelectron experiments, we explored the synergistic actions of the nanomatrix's multilayer components (Fe 3 O 4 core MNP, SiO 2 and DHB) as energy absorbers, converters and poolers, simultaneously ionizing and inducing structure-specic analyte fragmentation.
The applicability of this one-step method was demonstrated successfully by distinguishing linkage isomers, including isomeric tri-and tetrasaccharides, based on their characteristic and comprehensive fragmentation patterns. The feasibility for complex sample analysis was demonstrated on a proof-ofconcept isomer mixture model. Our approach successfully distinguished the sequence and linkage of glycan stereoisomers, which represents a major challenge in current glycomic and glycoproteomic analyses. We expect that these unique fragmentation patterns can be used as a simple approach for rapid and high-throughput characterization of synthetic carbohydrates. With further exploration towards preservation of fragile carbohydrate molecular ions by so ionization and full carbohydrate sequencing for more challenging structural features, such as polyLacNAc extension and branching, sulfation and sialylation linkages, we intend to broaden our understanding on the ner structural details of more complex and biologically relevant carbohydrates.
